Abstract. The Lagrangians and Hamiltonians of classical field theory require to comprise gauge fields in order to be form-invariant under local gauge transformations. These gauge fields have turned out to correctly describe pertaining elementary particle interactions. In this paper, this principle is extended to require additionly the form-invariance of a classical field theory Hamiltonian under variations of the space-time curvature emerging from the gauge fields. This approach is devised on the basis of the extended canonical transformation formalism of classical field theory which allows for transformations of the space-time metric in addition to transformations of the fields. Working out the Hamiltonian that is form-invariant under extended local gauge transformations, we can dismiss the conventional requirement for gauge bosons to be massless in order for them to preserve the local gauge invariance. The emerging equation of motion for the curvature scalar R turns out to be compatible with that from a Proca system in the case of a static gauge field.
Introduction
The principle of local gauge invariance has been proven to be an eminently fruitful device for deducing all elementary particle interactions of the standard model. With this paper, a generalization of the conventional gauge transformation formalism will be presented that extends the requirement of local gauge invariance under linear transformation of the fields to also demand local invariance under transformations of the space-time metric. Thereby, the well-known formal similarities between non-Abelian gauge theories and general relativity (Ryder 2009, p 409, Cheng and Li 2000, p 163 ) are incorporated in a natural way into the gauge transformation formalism. We know from general relativity that energy -and hence mass -is the source of curvature of space-time. As conventional gauge theories do not contain any interaction terms with the space-time curvature, it appears evident that massive gauge fields cannot emerge in this description.
Conventional gauge theories are commonly derived on the basis of Lagrangians of relativistic field theory (cf, for instance, Ryder 1996 , Griffiths 2008 . Although perfectly valid, the Lagrangian formulation of gauge transformation theory is not the optimum choice. The reason is that in order for a Lagrangian transformation theory to be physical, hence to maintain the action principle, it must be supplemented by additional structure, referred to as the minimum coupling rule, or the so-called covariant derivative, the latter being distinct from that of Riemannian geometry.
In contrast, the formulation of gauge theories in terms of covariant Hamiltonianseach of them being equivalent to a corresponding Lagrangian -may exploit the framework of the canonical transformation formalism. With the transformation rules for fields and their canonical conjugates being derived from generating functions, it is automatically assured that the action principle is preserved, hence that the actual gauge transformation is physical. No additional structure needs to be incorporated for setting up an amended Hamiltonian that is locally gauge-invariant on the basis of a given globally gauge-invariant Hamiltonian.
Prior to working out the general local U(N) gauge theory in the extended canonical formalism in section 5, a concise introduction of the concept of extended Lagrangians and Hamiltonians and their subsequent field equations is presented in sections 2 and 3. In these sections, we restrict ourselves to trivial extended Lagrangians and Hamiltonians that are directly obtained on the basis of given conventional (non-extended) Lagrangians and Hamiltonians of our physical systems. The trivial extended Lagrangians and Hamiltonians do not determine the dynamics of the space-time metric (as does the Hilbert Lagrangian of general relativity which yields the Einstein equations), but rather allow for arbitrary variations of the space-time metric. This necessary precondition provides the foundation on which the extended canonical transformation theory for the realm of classical field theory will be sketched in section 4.
The U(N) gauge theory, outlined in section 5, is then based on a generating function that in the first step merely describes the demanded transformation of the fields in iso-space. As usual, this transformation forces us to introduce gauge fields that render an appropriately amended Hamiltonian locally gauge invariant. The emerging transformation law for the gauge fields then gives rise to introduce a corresponding amended generating function that additionly defines this transformation law for the gauge fields. As the characteristic feature of the canonical transformation formalism, this amended generating function also provides the transformation law for the conjugate fields and for the Hamiltonian. This way, we directly encounter the Hamiltonian representation of the well-established U(N) gauge theory. Yet, by not requiring the gauge field momentum tensor to be skew-symmetric, an additional term emerges that is related to the connection coefficients ("Christoffel symbols") of Riemannian geometry. Treating these coefficients in complete analogy to the gauge fields, we set up a second amended generating function that also describes the transformation law of the Christoffel symbols. The complete set of the subsequent canonical transformation rules for the base fields, the gauge fields, the connection coefficients, and the respective canonical conjugate fields then provides us with a second amended Hamiltonian that is form-invariant in all its constituents.
The set of canonical field equations emerging from this gauge-invariant Hamiltonian now yields an additional set of canonical equations for the Riemann curvature tensor, with the gauge fields acting as source terms. The related equation of motion for the curvature scalar R is shown to be compatible with the corresponding equation for a Proca system in the case of static gauge fields.
In the field equation for the gauge fields, the Ricci tensor then emerges as a mass factor. Thus, in our description, the gauge fields engender the curvature, whereas the curvature acts as the mass factor of the gauge fields. Hence, general relativity is incorporated in a natural way into the fruitful concept of requiring local gauge invariance of our physical system.
Extended Lagrangians L 1 in the realm of classical field theory

Variational principle, extended set of Euler-Lagrange field equations
The Lagrangian description of the dynamics of a continuous system (e.g. José and Saletan 1998) is based on the Lagrangian density function L that is supposed to convey the complete information on the given physical system. In a first-order field theory, the Lagrangian density L is defined to depend on I = 1, . . . , N -possibly interacting -fields φ I (x x x), on the vector of independent variables x x x, and on the first derivatives of the fields φ I with respect to the independent variables, i.e., on the covariant vectors (1-forms) ∂φ 
In analogy to the extended formalism of point mechanics (Struckmeier 2005 , Struckmeier 2009 ), we can directly cast the action integral from Eq. (1) into a more general form by decoupling its integration measure from a possibly explicit x x x-dependence of the Lagrangian
Herein, det Λ = 0 stands for the determinant of the Jacobi matrix Λ = (Λ µ ν ′ ) that is associated with a regular transformation x x x → y y y of the independent variables
Here, the prime indicates the location of the new independent variables, y ν . As this transformation constitutes a mapping of the space-time metric, we refer to the Λ µ ν ′ as the space-time distortion coefficients. The integrand of Eq. (3) can be thought of as defining an extended Lagrangian density L 1 , L 1 φ I (y y y), ∂φ I (y y y) ∂y y y , x x x(y y y), ∂x x x(y y y) ∂y y y = L φ I (y y y), Λ k ′ ν ∂φ I (y y y) ∂y k , x x x(y y y) det Λ.
With regard to the argument list of L 1 , the now dependent variables x 0 , . . . , x 3 can be regarded as an extension of the set of fields φ I , I = 1, . . . , N. In other words, the x µ (y y y) are treated on equal footing with the fields φ I (y y y). In terms of the extended Lagrangian L 1 , the action integral over d 4 y from Eq. (3) is converted into an integral over an autonomous Lagrangian, hence over a Lagrangian that does not explicitly depend on its independent variables y ν ,
∂y y y , x x x(y y y), ∂x x x ∂y y y d 4 y.
As this action integral has exactly the form of the initial one from Eq. (1), the Euler-Lagrange field equations emerging from the variation of Eq. (6) take on form of Eq. (2) ∂ ∂y j
With the φ I embodying scalar fields, the derivatives ∂φ I /∂x µ define a covariant vector for each field I = 1, . . . , N. Provided that the Lagrangian L represents a Lorentz scalar, hence L 1 a scalar density, then the form of the Euler-Lagrange equations (7) is maintained under transformations of the space-time metric.
If the Lagrangians L, L 1 are to describe the dynamics of a vector field a µ in place of a scalar field φ I , then the Euler-Lagrange equations take on the form
Yet, the derivatives ∂a µ /∂x ν do not transform as tensors. This means that the Euler-Lagrange equations (8) are not form-invariant under arbitrary transformations of the space-time metric. We must therefore assume our reference system to be a local inertial frame, whose metric is given by the Minkowski metric g µν ≡ η µν ≡ diag(−1, 1, 1, 1). Any field equation that holds in this frame must then finally be converted into a tensor equation in order to hold as well in a frame with arbitrary metric g µν . This can always be achieved by converting the partial derivatives of the vector field components a µ into covariant derivatives.
Equations for the trivial extended Lagrangian L 1
In oder to show that the conventional Lagrangian L description of a dynamical system is compatible with the corresponding description in terms of extended Lagrangians, we must make use of the following identities
with the last two lines following directly from the definition of the determinant. The correlation (5) of the extended Lagrangian L 1 and conventional Lagrangian L emerges from the requirement of Eq. (3) to yield the identical action S, hence to describe the same physical system. If we are given a given conventional Lagrangian L and set up the extended Lagrangian L 1 = L det Λ by merely multiplying L with det Λ, then L 1 is referred to as a trivial extended Lagrangian. This correlation is readily shown to induce an identity that holds for any trivial extended Lagrangian L 1 = L det Λ. As det Λ only depends on the spacetime distortion coefficients Λ µ ν ′ , the derivatives of the trivial L 1 from Eq. (5) with respect to its arguments are then
where the notation "expl" indicates the explicit dependence of the conventional Lagrangian L on the x µ , and
with t ν µ denoting the energy-momentum tensor, andt ν µ the corresponding tensor density at the same space-time location
Furthermore,
Summing Eqs. (11) and (13), we finally find for the trivial L 1
In the derivation of Eq. (13), we have made use of the fact that L is a conventional Lagrangian, i.e. a Lagrangian that depends on the space-time distortion coefficients Λ µ ν ′ only indirectly via the reparameterization condition (5) applied to its velocities,
Defining the extended energy-momentum tensor similarly to the conventional one from Eq. (12)
we thus have
For a trivial extended Lagrangian L 1 , all elements of the extended energy-momentum tensor (15) thus always vanish.
For a given conventional Lagrangian L, the related trivial extended Lagrangian L 1 = L det Λ is a homogeneous function of degree 4 in the "velocities", since for any k ∈ R k ∂φ
In that particular case, Eq. (14) represents the Euler identity for homogeneous functions, which is automatically satisfied owing to the construction of L 1 . Then, the left-hand side Euler-Lagrange equation from Eq. (7) is equivalent to the conventional Euler-Lagrange equation (2)
The right-hand side Euler-Lagrange equation from Eq. (7) does not provide any information on the dynamics of the space-time distortion coefficients. This is what we expect as a conventional Lagrangian L cannot describe the dynamics of the space-time geometry. Yet, this equation quantifies the divergence of the µ-th column of the energy-momentum tensor due to an explicit dependence of L on x µ ,
Thus, if L has an explicit dependence on the independent variable x µ , then external forces are present and the four-force density is non-zero.
Non-trivial extended Lagrangian L 1
If L 1 is the primary function to describe our physical system, then an equivalent conventional Lagrangian L = L 1 / det Λ generally does not exist as L is supposed to not depend on the space-time distortion coefficients Λ µ ν ′ . Then L 1 is no more homogeneous in the y ν -derivatives of the φ I and x µ in general, hence the condition (14) does not hold for nontrivial extended Lagrangians L 1 . The Euler-Lagrange equations (7) involving the space-time distortion coefficients then determine the dynamics of these coefficients. In this paper, we only consider trivial extended Lagrangians.
Extended Hamiltonians H 1 in classical field theory
Extended canonical field equations
For a covariant Hamiltonian description, we must define momentum fields π µ I andπ µ I as the dual quantities of the derivatives of the fields
According to Eqs. (11), the momentum fieldsπ ν I emerging from the extended Lagrangian density L 1 transform as
Therefore,π 
We can now introduce both, the Hamiltonian density H and the extended Hamiltonian density H 1 as the covariant Legendre transforms of the Lagrangian density L and of the extended Lagrangian density L 1 , respectively
The trivial extended Lagrangian density L 1 in Eq. (21) is related to L according to Eq. (5).
Replacing then L according to the Legendre transformation from Eq. (20) by H, we obtain the correlation of extended and conventional Hamiltonian densities,
As the first and the third term on the right-hand side cancel, the trivial extended Hamiltonian density H 1 is related to the conventional Hamiltonian density H by
According to Eq. (11), the function ∂L 1 /∂(∂x µ /∂y ν ) is related to the component t ν µ of the energy-momentum tensor. Thus,t ν µ as the dual counterpart of ∂x µ /∂y ν is
Expressed in terms of the scalar function t j j (x x x), the trivial extended Hamiltonian density H 1 from Eq. (22) is given by
According to Eq. (17) and the conventional set of Euler-Lagrange equations (2), the conventional Hamiltonian H, defined in Eq. (20), satisfies the conventional set of covariant canonical equations
We can now check whether the so-defined extended Hamiltonian density H 1 satisfies the extended set of the canonical equations. To this end, we calculate the partial derivatives of H 1 from Eq. (22) with respect to all canonical variables,
The extended Hamiltonian density H 1 thus indeed satisfies the extended set of canonical equations. Obviously, the Hamiltonian H 1 -through its φ I and x µ dependencies -only determines the divergences ∂π j I /∂y j and ∂t j µ /∂y j of both the canonical momentum vectors and the columns of the energy-momentum tensor density but not the individual components π ν I andt ν µ . Consequently, theπ ν I andt ν µ are only determined by the Hamiltonian H 1 up to divergence-free functions. This freedom can be exploited to convert both, the covariant and the contravariant representations of the energy-momentum tensor into a symmetric form.
The general form of the extended set of canonical equations (26) yields for the trivial extended Hamiltonian (22) an identity for the equation for the space-time distortion coefficients ∂x
This means that a trivial extended Hamiltonian does not determine the dynamics of the spacetime geometry. Rather, it merely allows for a variation of the space-time metric.
The conjugate field equation quantifies the divergence of the energy-momentum tensor densityt ν µ from the x µ -dependent terms of the trivial extended Hamiltonian (22)
On the other hand, we have ∂t
in agreement with Eqs. (16) and (25). The trivial extended Hamiltonian (22) thus simply reproduces the field equations of the conventional covariant Hamiltonian H while allowing for arbitrary changes of the space-time metric. This property will be crucial for setting up an extended canonical transformation theory where mappings of the space-time metric are made possible in addition to the usual mappings of the fields and their canonical conjugates.
The action integral from Eq. (6) can be equivalently expressed in terms of the extended Hamiltonian density H 1 by applying the Legendre transform (21)
This representation of the action integral forms the basis on which extended canonical transformations will be defined in Sect. 4. In case that the extended Lagrangian describes the dynamics of a (covariant) vector field, a µ , rather than the dynamics of a set of scalar fields, φ I , the canonical momentum fields are to be defined asp
From the transformation rule for a covariant vector field a µ (x x x) = a α (y y y) ∂y α ∂x µ , the rule for its partial derivatives follows as The canonical momentum fieldsp µν (y y y) then transform according tõ
Similar to Eq. (18), the momentum fieldsp µν and p µν represent the "extended" and the conventional conjugates of a vector field a µ .
Extended energy-momentum tensor
The Hamiltonian formulation of the extended version of the energy-momentum tensor from Eqs. (15) is defined by
Inserting into (31) the definitions (17) and ( Thus, in the extended description in terms of L 1 and H 1 , energy and momentum densities are formally always preserved.
Extended canonical transformations
Generating function of type F 1
We may set up the condition for canonical transformations that include a mapping x x x(y y y) → X X X(y y y) of the parameterizations of source and target systems, x x x and X X X, respectively, with y µ being the common independent variables of both systems. We again require the action integral -this time in the formulation of Eqs. (6) and (29) -to be conserved under the action of the transformation. I.e., its integrand is determined up to the divergence of a 4-vector function
of the sets of original fields φ I (y y y) and transformed fields Φ I (y y y) in conjunction with the original variables x µ (y y y) and transformed variables, X(y y y)
Since the independent variables y µ are not transformed, we can set up at any space-time location y y y a local inertial (geodesic) coordinate system, in which the tensor form of the divergence of a function F F F 1 (φ I , Φ I , x µ , X µ ) is just the ordinary divergence 
Comparing the coefficients of Eqs. (32) and (33), we find the extended local coordinate representation of the field transformation rules induced by the extended generating function
The value of the extended Hamiltonian H 1 is thus conserved under extended canonical transformations. Hence, the new extended Hamiltonian density H 
Generating function of type F 2
The generating function of an extended canonical transformation can alternatively be expressed in terms of a function F 2 of the original fields φ I and the original space-time coordinates, x µ and of the new conjugate fieldsΠ µ I and the new energy-momentum tensor densityT µ ν . In order to derive the pertaining transformation rules, we perform the extended Legendre transformation
The subsequent transformation rules are obtained as
which are equivalent to the set (34) by virtue of the Legendre transformation (36) if
for all matrices µ = 0, . . . , 3, in conjunction with the conditions det Λ = 0 and det Λ ′ = 0.
Invariance of the extended energy-momentum tensor T ν µ under extended canonical transformations
Inserting the transformation rules for the original variables pertaining to the generating function of type F 1 from Eq. (34) into the Hamiltonian representation of the extended energymomentum tensor (31), one finds
The derivatives of F 1 with respect to the original variables φ I and x i can be converted into derivatives with respect to the transformed variables Φ I and X i according to Eq. (33), which yields with
Inserting now the transformation rules for the new variables from Eq. (34), this gives
∂y k . The value of the extended energy-momentum tensor T ν µ is thus maintained under the canonical transformation generated by F ∂y k ∂y j ≡ 0. As stated beforehand, the energy momentum tensor T ν µ is determined by the Hamiltonian H 1 only up to divergence-free functions. Therefore, we can always add the divergence-free tensor S ν µ to (T ν µ )
′ without modifying its physical significance. The transformation rule for the extended energy-momentum tensor is then finally given by
which exhibits the consistency of the canonical transformation formalism.
General local U(N) gauge transformation in the extended canonical formalism
External gauge field
A given dynamical system whose dynamics follows from a conventional Hamiltonian density H is described equivalently in the extended formalism by the trivial extended Hamiltonian, defined by Eq. (22),
witht β α the energy-momentum tensor density and −∂x α /∂y β its dual counterpart from Eq. (19). We assume the extended Hamiltonian H 1 to be form-invariant under the global gauge transformation
In component notation with complex numbers u IK ∈ C, this means
with U a unitary matrix in order to warrant the norm φφ to be invariant,
The transformation (39) of the fields is generated by the following extended generating function of type
The function g ν (x x x) defines an identical transformation of the space-time event x µ (y y y) = X µ (y y y) for g µ (x x x) = x µ and, correspondingly, a non-trivial mapping x µ (y y y) → X µ (y y y) otherwise. For the particular case of U = U(x x x) being explicitly x µ -dependent, the generating function (40) defines a local gauge transformation. We shall work of the condition for the dynamical system to be invariant as well under arbitrary local gauge transformations. For the particular generating function (40), the general transformation rules from Eq. (37) give rise of the specific rulesπ
The complete set of transformation rules -all referring to the same space-time event y y y -is thenπ
The transformation of the energy-momentum tensor densities follows from the corresponding rule of Eqs. (41)
According to Eq. (35) this means that the form of the Hamiltonian H is not conserved if the u KI depend on the x µ . This implies that the canonical field equations are not invariant under local gauge transformations Φ = U(x x x) φ, which is unphysical. In order to work out the physically correct HamiltonianH that is form-invariant under local gauge transformations, we must adjoin the Hamiltonians H and H ′ with appropriate terms that compensate the additional terms emerging from the gauge transformation being local. Thus, the amended Hamiltonians H andH ′ must be of the form
Herein, q ∈ R denotes an as yet unspecified real coupling constant. Submitting the amended Hamiltonians to the canonical transformation generated by (40), the general rule for conventional Hamiltonians from Eq. (35) yields with Eq. (42)
and hence
Provided that the original system Hamiltonian H is invariant if expressed in terms of the new fields, then H ′ det Λ ′ = H det Λ. The transformation rule for the gauge fields follows as
It coincides with the conventional transformation rule for gauge fields where the space-time geometry is static by assumption. Under the precondition that the gauge fields transform according to Eq. (44), the form-invariant HamiltonianH is given bȳ
Due to the fact that the product b KJα = ∂u KI /∂y α u IJ is skew-Hermitian in the indexes K, J,
the N × N matrices of 4-vector gauge fields, a a a KJ and A A A KJ , must be Hermitian. With the Hamiltonian (45), the Hermitian N × N matrix of 4-vector gauge fields a a a KJ is treated as a set of background fields whose dynamics are not covered. In order to include the dynamics of the fields a a a KJ into the system's description provided by the Hamiltonian, we must amend the generating function (40) to also describe their transformation rule from Eq. (44).
Including the gauge field dynamics under variable space-time metric
The Hermitian gauge field matrix a a a IJ (y y y) embodies a set of complex 4-vector fields and hence constitutes on its part a physical quantity. Therefore, its transformation property must also comply with the canonical transformation rules. The transformation property of the gauge fields can be described by amending the generating function from Eq. (40) as follows
The functionsP αµ JK contained herein denote formally the canonical conjugate quantities of the transformed gauge field components, A KJα . The additional transformation rules derived from the amended generating function (46) are
The canonical transformation obviously reproduces the required transformation rule for the gauge fields from Eq. (44) as the amended generating function (46) was deliberately constructed accordingly. In contrast to the gauge fields a IJν , their canonical momenta, p νµ JI transform homogeneously. In order to set up the transformation equation for the Hamiltonians according to Eq. (35), we must calculate from (47) the contractiont
The second derivative term is symmetric in the indexes α and β. We therefore splitP αβ JK into a symmetricP (αβ) JK and a skew-symmetricP [αβ] JK part in α and β P
whereP
The product of the second partial derivative term withP
The transformation of the energy-momentum tensors then splits into three groups of terms
The u KI -dependence of the terms involving the fields Φ I and their conjugates,Π µ I , can be replaced according to Eq. (43) by a gauge field dependence
In the second group, the u KI -dependence of the terms proportional toP [βα] JK can be eliminated by means of the transformation rule (44) for the gauge fields, which reads, equivalently
In conjunction with the transformation rule for the canonical momentap ξ αβ a KJξ . Note that the µ, ν-symmetric sum of the partial derivatives of the gauge fields does not transform like a tensor under space-time transformations y y y → x x x. Corresponding to the procedure of introducing a gauge field a a a KJ in Eq. (45), this means that we must regard Γ ξ αβ as another "gauge field".
In all three groups of terms, the crucial requirement for gauge invariance is satisfied, namely that both the emerging terms no longer depend on the u KI and that all of these terms appear in a symmetric form in with opposite sign the original and the transformed canonical variables. Summarizing, the transformation of the energy-momentum tensor is given bỹ 
Defining a second amended HamiltonianH as
and thus yields the transformed second amended Hamiltonian 
Similar to the case of the amended Hamiltonian (45) with external 4-vector gauge fields a a a KJ , the Hamiltonian (49) treats the Christoffel symbols as a set of external coefficients whose dynamics are not covered. In order to also include the dynamics of space-time curvature into the system's description provided by the Hamiltonian, we must further amend the generating function (46) to also describe the transformation rule of the Christoffel symbols under changes of the space-time location.
Including the space-time curvature dynamics
In the extended Hamiltonian formalism, the space-time variables x µ and their conjugates, the elements of the energy-momentum tensor densityt ν µ are treated as dynamical variables, in formal similarity to the description of the fields and their canonical conjugates. We now further amend the extended generating function (46) by adding exactly those terms that describe the transformation of the Christoffel symbols from Eq. (50) due to a transformation of the space-time location
This means that the Christoffel symbols Γ η αβ are now treated as canonical variables of the original system. The quantitiesR αβµ η are formally introduced to represent their canonical conjugates. The primed quantities then refer to a transformed space-time location. Moreover, a new coupling constant q ′ has to be defined in order to match the dimensions of all terms. The generating function F µ 2 and newly introduced variables are measured in units of dim
Consequently, the dimension of the coupling constant q ′ is dim q ′ = energy · length.
The additional transformation rules derived from the second amended generating function (51) are 
The terms in the first two lines were already discussed in the previous subsection. The sum proportional to R ′ αβµ η simplifies if we assume this tensor to be skew-symmetric in its indexes β and µ, i.e.R ′ αβµ η = −R ′ αµβ η . All terms that are symmetric in β, µ then vanish, in particular the third order derivative term. Moreover, the entire expression can now be expressed through Christoffel symbols
The same reasoning applies for a term required to describe the "curvature dynamics"
. Collecting all terms together, the final gauge-invariant trivial extended Hamiltonian H 1 at space-time event x x x emerges as 
The subsequent fields equations must be tensor equations in order to hold in any coordinate system, hence to be form-invariant under transformations of space-time x x x. Switching to a fixed Minkowski metric, which means to set the Christoffel symbols and the curvature tensor elements in the last line to zero, we recover the Hamiltonian of the conventional U(N) gauge theory (Struckmeier and Reichau 2012) .
Canonical field equations from the gauge-invariant Hamiltonian
The final gauge-invariant Hamiltonian (55) actually represents a trivial extended Hamiltonian. Therefore, the canonical equations for the x µ and thet ν µ are those from Eqs. (27) and (28), which apply for all extended Hamiltonians H 1 that emerge from a conventional Hamiltonian H according to Eq. (22). On the other hand, the partial derivative of the tensor densityπ 
Equations for φ
Evaluating the contraction κ = σ of Eq. (62), the left-hand side represents the covariant divergence of the Ricci tensor, which can equivalently be expressed as the derivative of the curvature scalar
The matrix of 4-vector gauge fields a a a KJ times the momentum tensors thus act as the source of the curvature. Equation (63) shows how the mechanism to describe massive gauge fields by a locally gauge-invariant Hamiltonian actually works. Instead of containing the Proca mass term proportional to the square of the gauge fields, a JKα a α KJ -which cannot be patched up into local gauge invariance -the final gauge-invariant Hamiltonian (55) depends on the Riemann curvature tensor, whose divergence is uniquely determined by the gauge fields according to Eq. (62). Equation (63) now shows that the related curvature scalar R depends on its part quadratically on the gauge fields a a a JK . The gauge-invariant Hamiltonian (55) thus depends indirectly on the square of the gauge fields, and this dependence is intermediated by the Riemann curvature tensor. As will be shown in the following, the equation for the 4-vector gauge fields a a a JK exhibits a term linear in the gauge fields with the Ricci tensor acting as a mass factor. issues such as a discussion of the solutions of the new field equations and the renomalizability of the corresponding quantized theory have to be left to further investigation.
